Abstract -The purpose of this paper is to offer a methodology for the evaluation of large district heating networks. The methodology includes an analysis of heat generation and distribution based on the models created in the TERMIS and EnergyPro software Data from the large-scale Tallinn district heating system was used for the approbation of the proposed methodology as a basis of the case study. The effective operation of the district heating system, both at the stage of heat generation and heat distribution, can reduce the cost of heat supplied to the consumers. It can become an important factor for increasing the number of district heating consumers and demand for the heat load, which in turn will allow installing new cogeneration plants, using renewable energy sources and heat pump technologies.
I. INTRODUCTION
Properly operating district heating systems can provide improvement in energy efficiency, reduce emissions, improve energy security and competitiveness and creating of new jobs. A district heating network includes the infrastructure for centralized heat production and distribution to the consumers for providing space heating and hot tap water in a wider area. The district heating system can be considered energy efficient and cost-effective only at optimal operation conditions and minimum heat loss.
One of the actions mentioned in the European Union (EU) strategy Energy 2020 is to increase the uptake of high efficiency district heating systems. A high efficiency district heating system can only be provided when efforts are concentrated on the whole energy chain, from energy production, via distribution, to final consumption [1] .
There are more than 5000 district heating systems in Europe, currently supplying more than 9% of total European heat demand. District heating systems are mainly used in the northern European countries, such as Sweden and Finland [2] . As regards to Latvia, Lithuania and Estonia, the percentage of district-heated households is around 60-75%.
The main advantages of district heating are efficiency and reliability compared to the individual heating systems. Efficiency can be reached when heat is produced simultaneously with electricity in the cogeneration process. More options of flue gas cleaning are available for larger heat generation units than for small scale boilers. District heating is a good solution for the areas with high population density and multiple dwelling houses, because the investments per household can be reduced. Due to the fact that the connection to a single-family house is rather expensive, district heating is a less attractive solution for the countryside.
Large district heating networks supply heat usually in big cities, since the level of heat consumption in large areas is high. Large district heating systems are typical for Estonia. District heating is used in all bigger cities in Estonia, including the capital Tallinn [3] .
The purpose of this paper is to offer a methodology for the improvement of large district heating networks. For the approbation of the offered methodology, the data on the Tallinn district heating system was used as a basis of the case study.
District heating systems offer a potential for renewable heat generation technologies. The most popular renewable energy source for heat generation is biomass, which includes agricultural, forest, and manure residues and to an extent, urban and industrial wastes, which under controlled burning conditions, can generate energy, with limited environmental impacts [4] [5] [6] . Geothermal sources as renewable energy can be used for district heating system and geothermal district heating has been given increasing attention in many countries during the last decade [7] . The expansion of district heating will help utilize heat production from the above mentioned renewable energy sources [8] .
The developed district heating systems promote cogeneration development.
When a cogeneration plant supplies heat to the district heating system, its capacity is defined by maximum heat load of this system [9, 10] . In some cases, a thermal storage unit is attached to the cogeneration plant for efficient operation of the district heating system [11] . The cogeneration plant with district heating provides an alternative energy production and delivery mechanism that is less resource intensive, more efficient and provides greater energy security than many popular alternatives [12] .
II. METHODOLOGY
As it was mentioned before, only an optimally operated district heating system can be considered energy efficient. The efficiency of operation should be evaluated both relative to heat generation (boiler houses and cogeneration plants) and heat distribution networks (pre-insulated pipes).
A. Evaluation and improvement of heat distribution
The improvement of a district heating network is a complex task where many parameters should be taken into account. There are three ways to improve a district heating system by Environmental and Climate Technologies 2012 / 10 _________________________________________________________________________________________________ 40 reducing the heat loss -the low, medium and high investment scenarios as described in the following paragraphs.
The low investment scenario assumes reduction of supply temperature and increased water flow. This can be possible only in case the network pipe dimensions are larger than required. In this case the pressure will grow, which means that the number of damaged pipes may increase. The increased pressure can also be a problem for the customer systems. Additional pumping capacity is required in power plants.
The medium investment scenario assumes replacement of pipe insulation. The insulation can be replaced when the steel casing of pipe is in good condition, otherwise the pipe should be fully replaced. Selection of insulation thickness is a complex task where many parameters should be taken into account: material and work cost, thermal conductivity of new and old insulation, pipe diameter, environmental temperature, water temperature and so on.
The high investment scenario assumes reconstruction of pipelines with the installation of pre-insulated pipes and increasing or decreasing their diameter, if needed. The new diameter should be selected very carefully, at the same time considering the future network development possibility. As a matter of fact, it is possible to replace all the pipes only in small networks; otherwise the project cost will be too high.
It is not possible to carry out such improvement without creating a virtual model and trying all possible scenarios, especially in large networks where many heat suppliers can work together in different combinations. For the evaluation of heat distribution, a special model was created using the commercial TERMIS software [13] . Simulation can be done using other software like Bently sis HYD or Zulu Thermo, but TERMIS is considered to be the most advanced, powerful and extensive district energy network simulation platform for improving system design and operation. Different types of improvement of European district heating systems were made using commercial TERMIS [13] [14] [15] . TERMIS is a hydraulic modeling software tool, which gives an overview and control of district energy network by simulating the flow, pressure and thermal behavior. With TERMIS, it is possible to reduce energy loss and reduce CO2 emissions [13] .
Before creating the model, it is necessary to create a database, which should include the data on all the pipes with their dimension, insulation, coordinates, roughness and single pressure loss description; the consumer data like seasonal consumption of heat and tap water; environmental data like the air temperature for overhead pipelines and soil temperature for subsurface pipelining to calculate the heat loss.
B. Evaluation and improvement of heat production
Usually in large-scale district heating systems various energy sources are used: large and small boiler houses and cogeneration plants. Both fossil fuel and wood fuel can be used for heat production. The operation efficiency of boiler houses depends on the manufacturing year of the installed equipment. The renovated or new boiler houses have higher efficiency and are easily operated.
As regards cogeneration plants, especially those based on wood fuel, the efficiency begins to fall when the load is less than 70 %. Besides, the investments in cogeneration plants operation are much higher than in boiler houses. That is why, it is more important to operate the cogeneration plants at the maximum load. The boiler houses are often used as peak demand covering units.
The following indicators should be used for the evaluation of heat production: type of production unit (boiler house or cogeneration plant), heat capacity (for cogeneration plant the electrical capacity, additionally), age of a heat production unit, fuel type (fossil fuel of renewable fuel), energy efficiency, and shut-downs.
It is important to find the right solution in the operation strategy for all heat production units. Priority should be given to CHP production. Boiler houses are used only in case the heat supplied from a cogeneration plant is insufficient.
Different types of modeling tools for the economic analysis and optimal operation of cogeneration plants have been developed in recent years. As examples SEA/RENUE, CHP sizer, Ready Reckoner, EnergyPro can be mentioned [16] . EnergyPRO was chosen for evaluation of heat production in the district heating system, because it is modeling software which allows carrying out detailed technical and financial analyses of energy projects. For the optimization of cogeneration plants, the priority in EnergyPRO software tool is that the cogeneration plant meets the heat demand for the period being analyzed [17] .
A simple model, which was created using the EnergyPro software, can be applied to determine the optimal operating strategy. The current situation and development scenarios can be compared, using the following parameters: heat production, fuel consumption, electricity production, operation time.
III. CASE STUDY

A. Tallinn Municipality District Heating System
Tallinn is the capital of Estonia located on the northern coast of the country. Tallinn is the largest city in the country with about 415,000 inhabitants.
District heating networks in Estonia are mostly old and in poor condition. The state of the district heating networks of Tallinn is typical for the rest of Estonian district heating systems. In Tallinn the heat is supplied to the consumers through a 429-kilometre long heating network including 119 km of pre-insulated pipes (27.7%), 22.2 km is a pipeline with the renovated PUR insulation; 46% of the whole pipeline network is canal pipes and 8.2% overhead pipeline. Other pipelines are in tunnels and underground. The diameter of the main pipeline is up to 1200 mm. The peak heat load of the Tallinn district heating system was 640 MW (-22.6ºC Almost the whole district heating network belongs to the Tallinna Küte company [18] . The Tallinn district heating network is shown in Figure 1 .
Most of the pipelines were built during the rapid industrial growth of the city and thus the pipelines were oversized with a view of future development. After the collapse of the Soviet Union, however, many industries were closed. At the moment there are two main problems in the network: bad insulation and oversized pipelines; as a result, heat losses are high. According to the Tallinna Küte AS development plans, the relative heat loss should be reduced by 20%.
B. Heat distribution Model description
A model was created for the Tallinn district heating network. The model was designed for 9868 pipes, over 3658 consumers and 9800 nodes with the geographic information included.
Different scenarios were simulated for the hydraulic and heat loss analyses:
-current consumption and temperature schedule; -current consumption and maximum temperature decrease by 15°C; -consumption reduced by 20% and current temperature schedule; -consumption reduced by 20% and maximum temperature decrease by 20°C. In the fourth scenario the temperature is decreased by 20°C and due to the reduced consumption, the water flow can be increased further. For the heat loss analysis, the average seasonal temperatures were decreased by 10°C. All scenarios were calculated twice: for the maximum consumption at -22°C to analyze the hydraulics and for the average seasonal parameters to analyze the heat loss.
Input data and assumptions
All the data has been taken from the Tallinna Küte GIS and converted to fit the TERMIS model. Tallinna Küte also has a large statistical database on different parameters in the critical points and consumption of each household during the last ten years. The parameters in critical points are required for model tuning; the number of points depends on the network. The GIS data and other databases can easily be interconnected by using Model Manager. Depending on the model, the estimated or average seasonal consumption can be used while the average seasonal consumption is more justified in most cases. First simulation can be made when the plant parameters like water flow, pressure and temperature are given. After first simulation with the adjustment factors applied, the simulation results should be identical to the known parameters in critical points. Only in this case the input parameters can be changed and it can be assumed that the simulation result is correct.
Results The results of model simulation are shown in Table I and  Table II. Table I shows the results at the maximum consumption and should be used for hydraulic parameters analysis, the Table II shows the seasonal average results and should be used for heat loss analysis. As it can be seen in Table II , with changing the yearly average temperature by 10°C, it is possible to reduce the average relative heat loss for a heating season by 1.1% points that makes about 23.2 GWh (for the 5800h heating season) or over 4200 t/CO 2 in case the consumption stays at the same level as today. In case the consumption will be reduced for 20% in the future, the relative heat loss can be reduced by 1.3% compared to the current temperature schedule. However, the relative loss would be higher compared with the present consumption. A possible solution in this case the temperature lowering could be higher, especially, as it can be seen, water flow is only 6.5%. It should be mentioned that the total water flow and pressure difference in the network will grow. It means that more powerful pumps should be used. Electricity consumption will grow, but the heat savings will be bigger than the increase of pumping cost. Besides, in case of Tallinn, most of the pipes are oversized and the growth of pressure difference is not so rapid.
C. Heat production Model description
The model of the current situation was built using the EnergyPro software. The components included in this model are shown in Table III . The model consists of three sites. Site 1 includes 2 boiler houses operated during the heating season and a heat consumer. Site 2 includes a heat consumer, which is supplied by the heat produced in Site 1 and Site 3. Site 3 includes 2 energy units: the Tallinn CHPP where heat and electricity are cogenerated and Iru Plant where only two boilers are operated with no electricity generation. Besides, a heat consumer is included in Site 3. During the summer period only the Tallinn CHPP is operated supplying heat for hot water production to the whole district heating system. During the winter period all energy units are operated while the heat produced in Sites 1 and 3 is used to cover the heat demand of these sites and supplied to Site 2 also. The description of the model components is presented in Table III .
The sites of the model are shown in Figures 2-4 . On the territory of Iru Plant a waste incineration plant is planned to be built where electricity and heat will be generated from the municipal waste (Site 3). To forecast the possible operating process, two scenarios were simulated, with and without a new incineration unit.
The future changes in Site 3 are shown in Figure 5 . Data about the new unit are presented further. 
Heat load Demand in Kesklinna District
Annual heat demand is 380 GWh, 11% of the demand is hot water heating load and 89% of the demand has a linear dependence on the ambient temperature during the heating period. The data on the ambient temperature in Tallinn for 2010 were used for the simulation. Annual heat demand is 561 GWh, 11% of the demand is hot water heating load and 89% of the demand has a linear dependence on the ambient temperature during the heating period. The data on the ambient temperature in Tallinn for 2010 were used for simulation. Input data and assumptions Actual data on operating heating plants were used (Table  III) . For the heat demand simulation, it was assumed that 89% of heat demand is linearly dependent on ambient temperatures and 11% of the demand goes to cover hot water consumption. The average annual heat demand for the last three years (2008) (2009) (2010) , which is 1691 GWh, was taken as a basis for the calculation As it was mentioned above, the simulation was made for two scenarios: with and without a new waste incineration plant. The data on the waste incineration plant used in the simulation are shown in Table IV . For simulating the operation, one more indicator should be included. This indicator is the priority of unit operation. The assumed priorities according to the operation strategy are shown in Table V .
In both cases the highest priority is the Tallinn CHPP. Tallinn CHPP is a plant, which was launched in cogeneration mode in 2009. Wood chips are used as a fuel for electricity and heat production.
The Mustamäe and Kadaka boilers have almost the same parameters and that is why they have the same priority. The Iru Plant is owned by another company and will be bought from the owner.
When the incineration plant will start to operate, its priority will be very high, because it is an environmentally friendly and energy efficient technology. 
Results
The results of simulation are shown in Table VI . The simulation showed that in case the incineration plant is used additionally, electricity generation will increase by 43 %. The consumption of fossil fuel -natural gas will decrease by 20%.
The year-round operation of the system is shown graphically in Figure 6 . Figure 6 shows that Tallinn CHPP operates all year round. The Mustamäe boiler house operates throughout the heating period, but the Kadaka boiler house and Iru Plant are used for peak loads. Figure 7 shows the operation forecast for the second scenario when the incineration plant is added. The Tallinn 44 CHPP operates all year round. The incineration plant works at full load throughout the heating period. The Mustamäe boiler house operates during the whole heating period, but at partial load. The Kadaka boiler house and Iru Plant work less than in the first scenario. 
IV. CONCLUSIONS
The reliability and cost-efficiency of district heating depends on the efficiency of its operation. In this paper a methodology for the assessment and efficiency increasing of heat production and distribution was offered.
As a case study, the Tallinn district heating system was analyzed. The Tallinn district heating system includes 4 heat plants, which cover the heat demand in 3 districts. For the evaluation of district heating network, a model was created using the TERMIS software. For the heat loss analysis and hydraulic analysis, four different scenarios were simulated: the current situation, decreased maximum flow temperature by 15°C, decreased consumption by 20% and decreased temperature by 20°C with the decreased consumption by 20%. As a result, the decrease of relative heat loss by 23.2GWh during the heating season compared to the current situation was gained.
For the evaluation of energy production, a model was created using the EnergyPro software. The system was split into three sites. This model was used for the simulation of two scenarios: the current situation and the case where a new incineration cogeneration plant will be installed. The actual data for the last years were used for the simulation. The results of simulation showed that, according to the current situation, the cogeneration plant should work all year round, the boiler houses should operate during the heating period and the Iru Plant boiler should be used only for the peak heat load. In case when the incineration plant is added, it can operate at full load during more than 5500 hours per year. Heat generation in this plant will decrease the consumption of natural gas by 20%. The amount of electricity production in the cogeneration mode will increase by 43%. The evaluation of district heating demand was made mainly from the technical point of view.
The effective operation of the district heating system, both at the stage of heat generation and heat distribution, can reduce the cost and price of heat supplied to the consumers. It can become an important factor for increasing the number of district heating consumers and demand for the heat load, which in turn will allow installing new cogeneration plants, using renewable energy sources and heat pump technologies.
